Objectives: The aim of the study was to verify whether simultaneous responses from the muscular and circulatory system occur in the driver's body under simulated conditions of a crash threat. Materials and Methods: The study was carried out in a passenger car driving simulator. The crash was included in the driving test scenario developed in an urban setting. In the group of 22 young male subjects, two physiological signals -ECG and EMG were continuously recorded. The length of the RR interval in the ECG signal was assessed. A HRV analysis was performed in the time and frequency domains for 1-minute record segments at rest (seated position), during undisturbed driving as well as during and several minutes after the crash. For the left and right side muscles: m. trapezius (TR) and m. flexor digitorum superficialis (FDS), the EMG signal amplitude was determined. The percentage of maximal voluntary contraction (MVC) was compared during driving and during the crash. Results: As for the ECG signal, it was found that in most of the drivers changes occurred in the parame tervaluesreflectingHRVinthetimedomain.SignificantchangeswerenotedinthemeanlengthofRRintervals (mRR). As for the EMG signal, the changes in the amplitude concerned the signal recorded from the FDS muscle. The changes in ECG and EMG were simultaneous in half of the cases. Conclusion: Such parameters as mRR (ECG signal) and FDS-L amplitude (EMG signal) were the responses to accident risk. Under simulated conditions, responses from the circulatory and musculoskeletal systems are not always simultaneous. The results indicate that a more complete driver's responsetoacrashinroadtrafficisobtainedbasedonparallelrecordingoftwophysiologicalsignals(ECGandEMG).
INTRODUCTION
Technical solutions, enabling the registration of physiological parameters in road transport drivers are sought to provide objective assessment of the driver's involvement in road accidents. They are essential for the staff determining who was at fault in the accident and for future calculation of compensation costs [1] . First of all, it should be established whether the driver was aware of the risk, whether they reacted to the dangerous event being the threat for other road users, and whether the driver's response was connected with the actions aimed at avoiding or reducing the consequences of the accident. While performing such activities as vehicle driving, a man is exposed to various types of load, depending on the vehicle type and exposure to various risk factors. These factors negatively affect the driver's alertness level and thus thepotentialcorrectresponsetostress.Theyaresignificant under the threat of a road accident or crash and time deficit in decision making is an additional factor under these circumstances. According to the basic mechanisms of "acute" stress, the basic body response under threat involves activation of the circulatory and musculoskeletal system by the autonomic nervous system (ANS). Such response allows the person under threat to take prompt reflexiveandconsciousactions [2] [3] [4] . Muscle strength and maximal voluntary contraction (MVC) depend on muscle length (location of different parts of the body) [5] , but not only. They also depend on individual traits as well as psychological and external loads. Among the noninvasive methods of muscle activity assessment, surface electromyography (EMG) is believed to be the most reliable one [5] [6] [7] [8] [9] . The circulatory system is a system which is sensitive to environmental stimuli. The functional condition of the autonomic nervous system (ANS) is mainly responsible for changes in HR. Constant "adjustment" of HR to changing environmental conditions involves mainly mutual relations (activation-inhibition) of the sympathetic and by performing a several-minute test drive. Each participantdecidedwhentofinishthetestdriveoncetheyfelt secure enough to start the simulator test. No participant had known the detailed course of the real test earlier. The test included a simulation of a sudden, unexpected crash, posing a potential threat to the driver's health. It involved another passenger car suddenly driving out of a side street from the driver's left or right side with high speed. The exact speed of the vehicle at the moment of the crash was not recorded. At the moment of the crash, the vehicle was on a straight road with a yield sign, hence the velocity was approximately 50 km/h. The crash was planned to occur in different crossroads, hence the crash time, counted from the moment of setting off, was not the same (about 20 min) and it was unexpected for the participants. The persons observing the test assessed the changes in the driver's behavior in response to the accident; they were tracing the head and body tilt, turning of the steering wheel, pressing the gas or the brake pedal. The participants were not allowed to inform their colleagues about the course of the test. All tests were carried out before noon. Physiological parameters ECG signal ECG signal was recorded using the Holter method, which is non-invasive and does not interfere with the driver's take any medication. During the stage of preparation for driving simulator tests, each participant stayed in the room next to the simulator for about 30 min, assuming a seated position and was then informed about the goal and rules of the study.
Place of the study
The study was carried out at the Faculty of Transport of the Warsaw University of Technology. ECG and EMG signals were recorded during the test in a passenger car simulator "autoPW", used in the research to describe the driver's behavior in normal road traffic conditions and during accidents, e.g. a crash with other vehicles or sudden crossing of the road by a pedestrian [18, 19] . The simulator is a static one. A part of it is an original car cabin with driver's seat. The simulator's interior is equipped with all devices a real vehicle is equipped with -pedals, turn signal indicator, speedometer, indicators and warning lamps. The simulator is equipped with big projection screen. Its large size made the driver feel like in a real traffic situation. The vision angle was: horizontally 62°, vertically 42° and the screen dimensions were 2.9×2.14 m (horizontally×vertically).The accuracy of the reaction time measurements was 0.02-0.04 s.
Course of the test -study scenario
The reaction assessment test in drivers comprised driving simulation in an urban setting according to the prepared scenario. This involved driving in the streets with three identically connected crossroads whose geometry was identical as in one of the Polish cities. The selected crossroads were known to have relatively frequent accidents. The driver had to observe all road traffic rules that are obligatory during real driving, including speed limitation to 50 km/h. The arrangement of road signs did not allow the driver to go beyond the preset route. Prior to the test, all the participants were acquainted with the specifics of the passenger car driving simulator EMG signal MESPEC 3000 (Mega Electronics, Finland) device was used for the measurement. This device enables recording and observation of unprocessed EMG signals. The sensitivity of analyzer pre-amplifiers is ±1 μV. EMG signal measurementiswithintherangeof±5000μV.Thesignal sampling frequency was 1 kHz. The program generates measurement results sheet using ASCII code. For the EMG signal record, superficial electrodes MS-OOS (Medicotes, Denmark) were used. Pre-amplifiers were placed next to the electrodes, enabling minimization of interference of the signal sampled by 12 bit transducer A/D with the sampling frequency of 1000 Hz. Prior to the electrode placement, the subject's skin was adequately prepared (shaved, if necessary -cleaned using alcohol) so that the resistance between the skin and the electrode was below2kΩ.Duringthetest,EMGsignalsfromm. flexor digitorum superficialis (FDS) and m. trapezius (TR) were recorded on the right and left side. Over each examined muscle three measuring electrodes were placed at the same distance from one another. Two electrodes were active(placedalongmusclefibers),whilethethirdwasthe reference electrode. The surface of the active electrode was 5×5 mm (for each electrode) and the distance between the electrodes was 20 mm. During the first stage of EMG measurements, the signal was recorded during maximal muscle effort development. EMG signal measurements at maximal effort, performed separately for each of the studied muscles, were performed during short tests lasting for several minutes. For each of the studied muscles, two trials were performed activities. Medilog Oxford MR45 tape recorders were used for this purpose, equipped with real time path, enabling the reference of ECG signal epochs to the events described by the supervising examiner in the report on chrono-analysis. The recorders used and signal analysis system -Medilog Optima, Oxford Medical Systems met the requirements of HRV analysis established by the European Society of Cardiology and the North American Society of Pacing and Electrophysiology [20, 21] . HRV analysis was carried out for ECG segments which were free from ventricular and supraventricular excitations. The data were obtained from the RR tachogram (ms). Power spectrum was determined by means of Fast Fourier Transformation (FFT). A HRV analysis was performed for 1-minute sequences of RR intervals following the assumption that in such circumstances as an unexpected crash there is a chance to grasp the short-term modulation of HR by ANS. This is in accordance with the assumption concerning the required signal stability. The commonly applied analysis of 2-5 min record would provide the already averaged values. 
Statistical Analysis
The median and the range values (max-min) for all the variables in the group of 22 participants are compared in 715 and 2. Statistically significant differences between the results, obtained during the crash and in other conditions during the driving simulator test are marked. The Wilcoxon signed-rank test showed significant differences in the results recorded during the crash compared to the results obtained after the crash for mRR variables(Z=3.199,p<0.0014),rMSSD(Z=2.455, p<0.014).Forthesevariables,theresultsrecordedafter the crash differed from the results obtained at rest, respectively at the level p < 0.0001 (Z = 4.015) and p<0.03(Z=2.172).TheresultsofHRVanalysisinthe time domain indicate that during the crash a decrease in mRR, rMSSD, and pNN50 was noted as well as an increase in SDNN compared to the obtained during easy driving, but the differences turned out statistically insignificant (Figure 1) . ThecomparisonofthevaluesreflectingHRVinthefrequency domain during and after the crash using the Wilcoxonsigned-ranktestrevealedsignificantdifferencesin spectralpowerinLFandHFbandsatthelevelp<0.024 (Z = 2.254). Compared to the previous undisturbed driving,thecrashdidnotresultinsignificantspectralpower
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RESULTS
left side 4.5 (0.7-34.0) 6.6 (1.6-58) 1.7 (0.6-24.1) Z = 2.777 p<0.005 right side 3.9 (0.4-21.9) 6.8 (0.7-51.6) 2.3 (0.5-22.5) Z = 3.506 p<0.0005
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For each ECG and EMG signal, a parameter was selected with values indicating the most pronounced response connected with the crash in 21 subjects performing the driving simulator test. The correlation coefficient between the length of RR intervals (mRR) during the crash and the ratio of EMG amplitude signal values, obtained prior to the crash, to the analogical values obtained during the crash for m. flexor digitorum superficialis of the left arm (FDS-L) was calculated. A significant correlation was found (r = -0.4496, p<0.05),indicatingthatduringthecrashshorterRR corresponded to higher values of the amplitude ratio (Figure 4) . Since no behavioral response, such as steering wheel turning or head or body tilt, was noted in a part of HF -high-frequency power of RR intervals, LF -low-frequency power of RR intervals, LF/HF -ratio of low-frequency to high-frequency power.
Fig. 2. Parametersreflectingheartratevariability(HRV)atdifferentmomentsofthesimulatordrivingtestinthesampleof22drivers
L -left side; P -right side. the participants during the driving simulator test, individual physiological responses, expressed by the variables: mRR, HF, LF and RMS for FDS-L and FDS-P were analyzed. The authors concluded that these variables reflected best the circulatory and musculoskeletal system responses to a simulated road crash in the presented study. Individual values obtained during driving and the crash are presented in Figure 5 . Such results indicated that responses from the circulatory and musculoskeletal systems did not occur in all the participants. Analysis of the changes in mRR and RMS, observed in the FDS-L muscle during the crash, in the light of the values corresponding to driving prior to the crash in the sample of 21 subjects made the authors conclude that in 10 cases, the changes occurred simultaneously in the circulatory and musculoskeletal system. In seven cases, the crash did not contribute to any changes in the length of RR intervals (mRR), while a response from the FDS muscle was noted at the left and right side. In four cases, reductions of RR intervals (mRR) were not accompanied by visible changes in RMS. ECG and EMG signals are used for the assessment of fatigue in drivers working in public transport. The reasons entailing fatigue during vehicle driving include long duration of performing the same activity [23, 24] , too short sleep period [24, 26, 27] , weariness while driving [27] as well as environmental factors (vibration, noise and too high temperature) [28, 29] . Statistical analysis of road accidents suggests that there are good reasons to regard fatigue as one of the basic causes of road accidents [28, [30] [31] [32] [33] [34] . Fatigue may result from excess load due to static work and mental load (overload or monotony) [35] [36] [37] . The effect of mental load on the musculoskeletal system can be observed especially in the case of work performed using relatively low strength when the task is monotonous and/or the activities are repeated [38, 39] , which is observed during sustained vehicle driving. In the presented study, this problem did not occur as the testing time was short -about 20 min and the muscle tone during normal driving was about 4-5% MVC and only during the crash it increased to over 20% MVC ( Table 2) . The physiological responses (e.g. gripping the steering wheeltight)andthementalresponses(trackingthetraffic and making decisions to drive safely) to muscle tone are believed to be different. Results of some studies indicate that both types responses evoke similar responses, while other studies suggest that responses vary, depending on the kind of physical and mental tension in a given test [17] . The increased contraction of Trapesius muscle was revealed by the EMG record in the subjects performing various psychomotor tasks [40] . The test assessing muscle activity during work performed at a computer work station revealed higher activity of the upper trapezius muscle at the side opposite to the computer mouse [41] . During simulated driving in an urban setting in our experiments, muscle activity was connected with steering wheel movements, during gear change or switching on the direction indicator were mainly connected with right side muscles activation.
DISCUSSION
The study involved an analysis of physiological parameters which were determined based on noninvasive measurements. Two physiological signals -ECG and EMG were continuously measured using the recording techniques that did not interfere with driving to avoid an additional factor that might negatively affect the driver's attention level. Acrashinroadtrafficmayresultinacutestress.Itevokes e.g. changes in autonomic HR regulation, revealed by the HRV analysis in the time and frequency domains, described in this paper. Riediker et al., in their case report, described changes in the ECG record obtained from a policeman with a Holter device attached at the moment he learned about the terrorist attack on 11 September. Acute emotional stress connected with this event resulted in changes in the ECG record, which had not been noted in this participant before in other stressful situations during ECG signal record. The HRV analysis showed a decrease in the percentage of RR intervals, differing by more than 50 ms (pNN50), which indicated cessation of parasympathetic activity and an increase in the SDNN parametervalue,suggestingasignificantincreaseinsympathetic activity [22] . During a simulated crash, in our examinations, an increase inHRwasnotedintheparticipants,expressedbyasignificant reduction of RR intervals. The SDNN value increased compared to that obtained under conditions of easy driving, the difference, however, turned out statistically insignificant. The observed increase in the sympathovagal balance indicated the increase in sympathetic activity (insignificant).Highervaluesofthesympathovagalbalance did not result from the changes in sympathetic activity, because a decrease was noted in the spectral power in the LFbandandintheSDNNparametervalue(insignificant). Theapparentyetinsignificantincreaseinsympatheticpredominance was probably due to a decrease in parasympathetic activity, indicated by the decremental tendency of spectral power in the HF band (Figure 2 ). IJOMEH 2013;26(5) 720 but indicated a simultaneous increase in ANS sympathetic andparasympatheticactivitywithsignificantlydecreasing sympathetic activity [43] . In the present study, the crash took place after 20 min of driving, thus we may suspect that if the sample included the subjects with motion sickness, this might have affected their heart rate through changes in sympathetic and parasympathetic activity. As a consequence, it might have also affected the results reflecting the response from autonomic HR regulation mechanisms to crashrelated stress. HRV parameters are sensitive to different kinds of emotional or mental load [15] . A simulated crash and the resulting life threat were not such a load as analogical circumstances in real road traffic. The test participants were certainly aware of this fact. The lack of behavioral response from some of the participants may indicate the lack of imagination since the drivers did not realize the consequences of the crash under real conditions. Real conditions may modify the obtained results concerning both signals -ECG and EMG. In the case of the EMG signal,physicalfactors,e.g.tremor,maysignificantlyaffect muscle contractions in drivers [29] . The selection of male subjects was reasonable since research has shown that in women, the menstrual phase affectsHRV,causingsignificantchangesintheLFandHF spectral power and changes in the LF/HF ratio in the follicular phase compared to the luteal phase [44, 45] . Due to varied fatigue effects, changing requirements concerning the performed tasks and external sources of stress as well as individual differences, the attempts to use ECG and EMG signals to determine the driver's contribution to road accidents did not bring about the expected outcome [36, 37, 46, 47] . However, further search of effective approaches to prevent road accidents in case of professional and amateur drivers is essential for the improvementofdriver'ssafetyandreductionoffinancialandsocial costs including treatment costs or disability benefits Thisstudyfoundthatthecrashresultedinasignificantincrease in the contraction of m. flexor digitorum superficialis and m. trapezius on both sides. The EMG signal amplitude ratio of the values obtained before the crash and during the crash was higher for m. flexor digitorum superficialis on the left side (FDS-L) and m. trapezius on the right side (TR-P). It is difficult to determine whether this phenomenon was due to the driver's emotional condition or work performed. During the 30-minute driving simulator test, a driver was not affected by physical environmental factors, such as tremor, temperature, noise or acceleration. The microclimate inside the simulator room met comfort requirements. The test duration was too short to allow such factors as driver's fatigue after many hours of driving or monotonytoinfluencethedriver'sresponsesduringasimulated crash. However, fatigue should not be ignored. It was an uncontrolled factor, resulting from the fact that the test followed many hours of everyday activity since it took place in the late afternoon. Some recent studies indicate that the discomfort due to simulator sickness might have been an aggravating factor [42, 43] . No history of motion sickness was taken from the participants, therefore it was impossible to predict their susceptibility to simulator disease. Upon completion of the test, some participants reported such symptoms as nausea, headache, dizziness and balance disorders; this finding justifies the need for examining such history in future studies using driving simulators. The studies using driving simulators indicate that susceptibility to motion sickness affects the HRV values in the subjects. Another study (43) found that the subjects prone to motion sickness, compared to other subjects, experienced HR slowing, manifested by longer RR intervalsandasignificantdecreaseinthesympathovagal balan ce (LF/HF) after 30 min forklift truck driving. In the studied sample, the observed changes in spectral power valuesinHFandLFbandswerestatisticallyinsignificant, and the cost of environmental pollution (accidents of vehicles transporting chemicals). The study results indicate that one parameter, e.g. HR is insufficienttoassessphysiologicalchangesinthecardiovascular system. The HRV analysis may potentially overcome the limitation resulting from the fact that different modes of ANS control may reflect different ways of reacting to physiological factors [10, 15, 16] . The assessment of driver's workload using physiological parameters is believed to be a valuable approach [16] .
CONCLUSIONS
Such parameters as mRR (ECG signal) and FDS-L amplitude (EMG signal) turned out most sensitive to accident risk. During the incidents, changes in ECG and EMG were simultaneous in half of the cases. The results indicate that a more complete assessment of drivers' responses to crashes in road traffic can be obtained based on registering parallel records of these two physiological signals ECG and EMG.
